Introduction at glutamatergic neuromuscular junctions (NMJs) of Drosophila. We examined the synaptic physiology and The nervous system is composed of complex neural morphology of genetically manipulated NMJs in larvae circuits comprising a vast array of synaptic connections.
exhibiting decreased or increased levels of Mth protein. Neither synaptic structure nor efficacy are static but are Decreasing Mth function reduced evoked neurotransrearranged and precisely regulated as neuronal circuitry mitter release by ‫%05ف‬ without affecting postsynaptic is refined throughout life (Katz and Shatz, 1996) . At cenmechanisms. Presynaptic but not postsynaptic exprestral synapses, plastic mechanisms that control neuronal sion of Mth restored normal release in mth mutants and function through the regulation of synaptic efficacy are increased release in wild-type. Decreasing Mth function well known as hippocampal and cortical synapses can reduced Ca 2ϩ ionophore-induced release but did not express both long-term potentiation and long-term deimpair presynaptic Ca 2ϩ entry, as indicated by Fluo-4 pression (Bear, 1996) . As individual synapses alter their Ca 2ϩ imaging. Ultrastructural reconstruction of Mthstrength in response to changes in activity, a balance deficient synapses revealed a ‫%05ف‬ reduction in synapbetween the expression of one form of plasticity versus tic area (active zone) and a lower density of docked and the other is achieved by additional homeostatic mechaclustered vesicles. Heat shock-induced expression of Mth restored normal release and vesicle docking/clus- of evoked release, which at larval Drosophila NMJs is
Evoked Neurotransmitter Release at mth Mutant NMJs Is Reduced by Half
To elucidate a potential synaptic function of Mth, we examined the synaptic physiology of larval NMJs in mth mutants and controls by whole-cell recordings of evoked excitatory junctional potentials (EJPs) and spontaneous excitatory junctional potentials (mEJPs). EJPs were evoked by stimulating the cut nerve at 0.2 Hz and were the combined responses of two glutamatergic axons innervating muscle 6 (Kurdyak et al., 1994) . Evoked EJPs were reduced to 63% Ϯ 6% of control at homozygous mth 1 NMJs (p Ͻ 0.0001, Figures 2A-2B ) and to 54% Ϯ 7% at trans-heterozygous mth 1/6 NMJs (p Ͻ 0.001). The decrease in EJP amplitude in both mutants was not due to an abnormal input resistance or resting potential of the postsynaptic muscle, the latter deviating by no more than Ϯ5 mV from control. However, EJPs from homozygous mth R3 NMJs were indistinguishable to control (p ϭ 0.1), indicating that the precise excision mth R3 not only reverts the increased life span phenotype of adult mth 1 mutants, but also the defect in synaptic transmission at larval NMJs.
To test whether a failure of action potentials to fully invade the nerve terminal might have decreased synaptic transmission in mth mutants, we electrotonically elicited release in the absence of Na ϩ channel-mediated action potentials. Electrotonic stimulation in the presence of the Na ϩ channel inhibitor Tetrodotoxin (TTX) is The decrease of synaptic transmission in mth mutants was also not caused by a postsynaptic defect, since independent of protein kinase C, was impaired in mth quantal events (mEJPs) were normal ( Figures 2C-2E ). mutants.
The mean amplitude, the cumulative amplitude distribution, and the frequency of unitary mEJPs in mth mutant Results larvae showed no significant differences from control (p Ͼ 0.05). The normal mEJP amplitudes indicate that The homozygous P element insertion mth 1 had been the postsynaptic sensitivity to neurotransmitter and the previously shown to extend life span and to enhance neurotransmitter content of synaptic vesicles are not stress resistance (Lin et al., 1998) . The P element is altered in mth mutants. The normal postsynaptic neuroinserted into the 2nd intron of the mth gene ( Figure 1A) , transmitter reception together with abnormal amplireducing RNA expression below levels detectable on tudes of electrotonically stimulated EJPs pointed to a Northern blots ( Figure 1B) To detect more subtle defects in early synaptogeneground either in the presynaptic motor neuron or in the postsynaptic muscle, and asked which cellular expressis, we conditionally expressed normal Mth protein in mth 1/6 mutant larvae after embryonic synaptogenesis sion might restore normal transmission. A [UAS-Mth] transgene was expressed presynaptically by using the was completed by using the UAS-Gal4 system (Brand and Perrimon, 1993). Mth expression was facilitated by motor neuron-specific D42 promoter while the musclespecific 24B promoter was used to drive postsynaptic combining a [UAS-Mth] transgene with a transgene containing a heat-inducible hsp70 promoter [hsp70-Gal4] expression (Davis and Goodman, 1998; Parkes et al., 1998). Postsynaptic expression of Mth in trans-heterothat ubiquitously drives Gal4 expression at elevated temperatures. Animals were raised at 18ЊC to suppress zygous mth 1/6 mutant larvae had no effect on mutant EJP amplitudes ( Figures 5C and 5D , p ϭ 0.7), or on Mth expression by the hsp70 promoter during development. In the absence of a heat shock, EJP amplitudes in mEJP amplitudes and frequency (not shown). In contrast, presynaptic expression of Mth in mth 1/6 mutant mth 1/6 mutants containing both transgenes were slightly but significantly increased compared to mth 1/6 mutants increased EJP amplitudes from ‫%06ف‬ to 98% Ϯ 7% of control while mEJP amplitudes and mEJP frequency that lacked the transgenes (p ϭ 0.008; Figures 5A and 5B). However, this increase did not restore transmission were not affected (not shown). The presynaptic expression restored evoked release at mth mutant NMJs, since to normal, as EJPs in the absence of a heat shock were significantly different from controls (p ϭ 1 ϫ 10 Ϫ5 ). In the resulting EJP amplitudes were significantly different from mutant controls (p Ͻ 6 ϫ 10
Ϫ5
) but indistinguishable contrast, 1 hr after heat shock, EJP amplitudes were increased to 96% Ϯ 4% of control and statistically indisfrom controls (p ϭ 0.3). Similar results were obtained with two independent [UAS-Mth] transgenes. Consetinguishable (p ϭ 0.4), indicating that normal synaptic transmission had been restored in mth mutants. Thus, quently, the defect in evoked release at mth mutant NMJs must be due to a loss of endogenous Mth protein Mth is acutely (within 60-120 min) required to maintain tein at larval NMJs, which was expressed with the motor neuron-specific D42 promoter. Consistent with a presynaptic membrane localization of Mth, GFP-tagged Mth protein but not GFP alone was colocalized with a neuronal membrane marker in the plasma membrane of presynaptic terminals and innervating axons ( Figure 5F ). , application of the Ca 2ϩ ionophore calcimycin (50 M) had no effect on sensor, and which is independent or downstream from Mth function. The simplest explanation for these findings is that latro- Figure 7B ). In addition, even after normalizing the ficking limits release in mth mutants, we reconstructed identified synapses including their active sites and assodata to account for the reduced synaptic area and volume, the density of synaptic vesicles within 0-500 nm ciated synaptic vesicles by using serial sections through type 1 B boutons of larval NMJs (Atwood et al., 1993) . from the plasma membrane of a synaptic site was reduced 69% Ϯ 7% of control (p Ͻ 0.02; Figure 7C ). In Synapses were defined as the closely opposed and uniformly separated electron-dense pre-and postsynaptic particular, the density of docked vesicles, which we defined as those vesicles in direct contact with the premembranes; active zones were defined as electrondense presynaptic T bars with closely associated (often synaptic plasma membrane within a synaptic area (0 nm), was reduced to 63% Ϯ 6% of control (p Ͻ 1 ϫ 10 Ϫ4 ). The density of vesicles clustered around a synaptic site was also reduced, albeit to a lesser degree than the Yamaoka, 1993). To calculate the size of each synaptic area from serial sections, we summed the width of the density of docked vesicles. Specifically, the density of vesicles within a distance of 0-50 nm and 50-300 nm electron-dense membrane times the section thickness over all serial sections (length), for each individual from a synaptic area was reduced to 76% Ϯ 6% (p Ͻ 0.005) and to 68% Ϯ 7% of control (p Ͻ 0.005), respecsynapse.
Depolarization-Dependent Presynaptic
We found that the size of synaptic areas and the dentively. However, the density of vesicles located further away (within 300-500 nm of a synaptic area) was not bouton nor did we consistently observe other ultrastructural abnormalities that are typical for an impairment significantly reduced (p ϭ 0.2).
To tightly correlate the ultrastructural defects with the of synaptic vesicle recycling (see also Discussion). To physiologically test whether a significant recycling deloss in neurotransmitter release, we further examined whether conditional expression of normal Mth protein fect might limit release in mth mutants, we examined synaptic transmission during repetitive stimulation bein mth mutants might also restore normal synaptic size and/or normal vesicle docking and clustering. Figure 7C ). tion to ‫%57ف‬ of their initial amplitude and were thereafter sustained, while mth 1 mutant EJPs showed neither However, heat shock-induced expression did not restore the reduced size of synaptic areas in mth 1 mutant an initial depression nor fatigue during the sustained period ( Figure 7D ). Increasing the stimulation frequency boutons ( Figure 7B) ] e (see also Figure 2F ), (p ϭ 0.1). In contrast, selective postsynaptic overexpression of Mth with the 24B promoter in otherwise wildensuring that endocytosis is activated by a similar amount of exocytosed vesicles in both mth mutants and type muscles had no effect on evoked EJP amplitudes (p ϭ 0.4; Figure 8B ). In addition, neither pre-nor postsyncontrols. However, even under these conditions release did not abnormally fatigue in mth 1 during the sustained aptic overexpression of Mth consistently affected mEJP amplitudes and frequency (not shown). period ( Figure 7D) Figures  8A and 8B) . Increased EJP amplitudes were consistently Mth might be associated with diacylglycerol (DAG) sec- ] e , indicatsite distant to the DAG binding site (Newton, 1995) . Application of 1 M BIS alone had no effect on evoked ing that Mth signaling is associated with DAG signaling. However, at higher [Ca 2ϩ ] e of 0.7 mM, PMA slightly faciliEJPs (not shown), and co-application of BIS with PMA did not inhibit facilitation, even at a suboptimal concentated evoked release at mth 1 NMJs (not shown), indicating that Mth is important but not essential for PMAtration of PMA ( Figure 9D ). Although this concentration of BIS had been shown to block PKC-mediated modulainduced facilitation. PMA application did not modulate mEJP amplitudes in either control or mth 1 (Figure 9C ), tion of Ca 2ϩ currents in larval muscles (Gu and Singh, 1997), we further tested higher concentrations of BIS, confirming that the facilitation is mediated by a presynaptic mechanism. Application of the inactive PMAas well as sphingosine, a second PKC inhibitor (Hannun and Bell, 1989) . However, neither co-application of up related phorbol compound 4␣-phorbol 12,13-didecanoate (4␣-PPD) had no effect on release in either control to 10 m BIS nor 50 m sphingosine inhibited To address a possible defect in vesicle trafficking, aptic transmission is intrinsic to evoked neurotransmitwe conducted an ultrastructural analysis using serial ter release for two reasons: firstly, the defect must be sections to spatially reconstruct synapses in presynappresynaptic, as indicated by normal amplitudes of unitic type 1 B boutons of larval NMJs. This analysis revealed tary quantal release events (mEJPs) and normal electric that the size of synaptic areas and the density of associproperties of the muscle. Secondly, the defect must be ated docked (0 nm) and clustered (50-300 nm) vesicles downstream of action potential excitation or propagawere reduced in mth. The reduction in docked and clustion because decreased release elicited by action potentered vesicles, as well as the reduction in synaptic size tials was similar to that observed for electrotonically correlated well with the reduction in evoked release, elicited release.
raising the question, which of these ultrastructural deThe lack of any significant gross morphological abnorfects is causal for impaired neurotransmitter release. malities at mth mutant NMJs and the embryonic nervous Three considerations suggested that the vital effects system pointed toward the possibility that the presynapof Mth on transmitter release are likely related to vesicle tic defect might be due to a physiological but not to docking and clustering rather than to synaptic size. developmental abnormality. This idea was confirmed by Firstly, changes in the density of vesicle docking and a conditional rescue of EJP amplitudes in mth mutants clustering may easily occur within minutes while changes 60 min after heat shock-induced expression of normal in synaptic size likely occur on a slower time scale (probaMth protein, which excluded the possibility that Mth is bly hours). Secondly, previous work has shown that PMA required within a fixed time frame during early synaptosignaling, which appears to be associated with Mth siggenesis.
naling, increases the size and the refilling of the readily Further transgenic expression studies then showed releasable vesicle pool (Gillis et al., 1996; Stevens and that the presynaptic defect at Mth-deficient synapses Sullivan, 1998). Changes in vesicle docking are likely to was clearly due to a loss of Mth protein activity in the affect such a pool. Thirdly, our previous work leads us presynaptic motor neuron because pre-but not postto think that there is no strong correlation between synsynaptic expression of normal Mth protein at mth mutant aptic size and vesicular release (Stewart et al., 1996) with Vectashield and confocal images were taken using the same parameters for control and mutants.
Conclusion
In this study, we demonstrate that the putative GPCR
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